Coxiella burnetii, a rickettsia, and Leishmania amazonensis, a protozoan flagellate, lodge in their host cells within large phagolysosome-like vacuoles. In the present study, C. burnetii-infected Vero or CHO cells were superinfected with L. amazonensis amastigotes to determine if these parasites can home to and survive within heterologous vacuoles. Six hours after superinfection, Leishmania amastigotes were located almost exclusively within large Coxiella-containing vacuoles. Thereafter, the numbers of parasites in the vacuoles increased at the same rate as those in cells infected with L. amazonensis alone. Furthermore, in cultures shifted to 25؇C, some of the amastigotes transformed into promastigote-like forms that moved their flagella within the adoptive vacuoles. Thus, L. amazonensis amastigotes not only entered Coxiella vacuoles, most likely by fusion of donor and recipient vacuoles, but temporarily survived, differentiated, and replicated therein. This appears to be the first account of the temporary cohabitation of two living pathogens within the same vacuole in a mammalian cell.
Coxiella burnetii, the agent of Q fever, and Leishmania amazonensis, an agent of cutaneous leishmaniasis, survive and multiply within large phagolysosome-like vacuoles after their phagocytosis by macrophages or other cells (2, 6, 7) . These vacuoles are acidified, contain acid hydrolases, and fuse with lysosomes that contain endocytosed colloidal or macromolecular markers such as thorium dioxide, dextrans, or horseradish peroxidase (1, 5, 8, 17, 18, 24) . In harmony with their intracellular habitat, C. burnetii and L. amazonensis are acidophiles, i.e., they survive within the acidic environment of the phagolysosome, exchanging passively acquired protons for needed substrates with the help of plasma membrane ATPases (15, 28) .
We have previously shown that zymosan particles or latex beads phagocytized by infected Chinese hamster ovary (CHO) cells are transferred with high efficiency to the lumen of vacuoles that shelter C. burnetii. Such transfer most likely takes place by the fusion of donor vacuoles containing the particles and Coxiella-rich recipient vacuoles (29) .
Given the ease with which relatively large particles can enter Coxiella vacuoles, we superinfected C. burnetii-infected Vero or CHO cells with L. amazonensis amastigotes to determine if the parasites could be targeted to and survive within C. burnetii vacuoles. Since the two organisms are easily distinguished by light microscopy, it was possible to enumerate the amastigotes in the heterologous vacuoles. We show here that L. amazonensis can home to and, at least temporarily, survive, replicate, and differentiate within adoptive Coxiella vacuoles.
(Preliminary results of this work have been presented previously [23] ).
MATERIALS AND METHODS
Cell culture. CHO cells, provided by Bruno Goud from the Pasteur Institute, were used in most experiments. These cells were grown in T75 flasks in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 g of sodium bicarbonate per liter, 25 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), 2 mM glutamine, and 20 g of gentamicin per ml. Vero cells, used in the early experiments, were similarly cultured in minimal essential medium supplemented with 5% fetal calf serum, 2.2 g of sodium bicarbonate per liter, and 25 mM HEPES. Cells detached with trypsin-EDTA were plated on antibiotic-free media on 12-mm coverslips distributed in 24-well plates and were incubated at 34ЊC in an air atmosphere.
Organisms. C. burnetii phase II (the Nine Mile strain) was propagated in Vero cell cultures and harvested as described previously (29) . Coxiella-rich suspensions contained about 10 7 infective organisms per ml as judged by the infection of monolayers with serial dilutions of Vero cell lysates. L. amazonensis LV79 (strain designation, MPRO/BR/72/M18410) serially transferred in the footpads of female BALB/c mice (Animal Facility, Pasteur Institute) was harvested as described previously (29) .
Infection of cells. Vero or CHO cells grown overnight on coverslips were infected with C. burnetii, usually by centrifugation of the bacteria over the cell monolayers at an estimated multiplicity of 200 bacteria per cell (29) . During the infection and for 4 h afterwards, the cells remained in an air atmosphere in bicarbonate-free medium containing 5% serum and 25 mM HEPES. After the infection, the cultures were washed, added to complete medium containing 5% serum, and placed in the CO 2 incubator. The serum concentration was lowered to reduce the rate of multiplication of the host cells. Two to three days after the infection with C. burnetii, the cells were superinfected with three to five L. amazonensis amastigotes per cell (29) . Separate cultures were infected with L. amazonensis alone. Cultures infected with C. burnetii or L. amazonensis were washed after 4 or 6 h, respectively, the media were changed, and the cells were replaced at 35ЊC in a 5% CO 2 -air atmosphere. At different times, the cultures were rinsed and fixed overnight in 1% glutaraldehyde in phosphate-buffered saline (PBS). In some experiments, this design was modified as follows. To destroy intracellular amastigotes, the cultures were incubated 24 h prior to fixation in medium containing 2 mM L-leucyl-o-methyl ester (3) . To trigger the transformation of the amastigotes into promastigotes, the cultures, 24 h prior to fixation, were placed in bicarbonate-free, complete medium containing 25 mM HEPES at 25ЊC in an air atmosphere. Coverslips bearing the cells were inverted over 60% glycerol in water onto standard microscope slides. The preparations were examined by phase-contrast or Nomarski differential-interference microscopy. The cultures were scored for the percentage of infected cells that contained C. burnetii or L. amazonensis within the same vacuoles as well as for the numbers of amastigotes per cell that colocalized with the bacteria. Cultures infected with L. amazonensis alone were also scored for the percentage of infected cells and the numbers of amastigotes per cell.
Electron microscopy. Cultures in 60-mm-diameter dishes were fixed in 2.5% glutaraldehyde in 0.2 M cacodylate buffer, pH 7.2, and postfixed in 1% osmium tetroxide. The cells were dehydrated in ethanol and embedded in situ in Glycidether Resin 100 (Merck, Darmstadt, Germany). Thin sections were stained with uranyl acetate and lead citrate and examined with a JEM 100 CXII electron microscope.
RESULTS
L. amazonensis amastigotes can enter preestablished C. burnetii vacuoles. CHO or Vero cells were infected with C. burnetii, and 2 or 3 days later, when large vacuoles containing the bacteria had developed in most cells, the cultures were superinfected with Leishmania amastigotes. The cells were fixed at different times of from between 6 h to 6 days after superinfection. Amastigotes were found within Coxiella-rich vacuoles of the host cells in 11 separate experiments. In eight experiments, the percentage of cells with doubly infected vacuoles and the numbers of amastigotes that colocalized with C. burnetii per cell were also estimated at one or more time points after superinfection. One or two days after the infection of Vero or CHO cells with L. amazonensis amastigotes alone, most of the parasites were aligned on the inner surface of a few large, otherwise phase-lucent parasitophorous vacuoles (PVs) (Fig.  1A) . The origin of these vacuoles is not understood, but timelapse cinemicrographic observations of macrophages infected with L. amazonensis indicated that small PVs only rarely fuse with each other (31) . Cells infected with C. burnetii alone generally contained one or two large vacuoles that occupied a large fraction of the cytoplasm and were closely apposed to the cell nucleus. As was observed earlier (27) , these large vacuoles appear to develop by fusion of small vacuoles that contain one or a few bacteria. In living cells examined by phase-contrast or interference microscopy, C. burnetii was seen as small rounded or elongated bodies dispersed within the vacuoles. Figure 1B shows a Coxiella-infected cell superinfected with L. amazonensis and fixed 4 days after superinfection. The distribution of the parasites mimics their localization in cells infected only with L. amazonensis; more frequently, however, L. amazonensis was eccentrically placed and often clumped within the Coxiella vacuoles (Fig. 1C) . Vacuoles containing only L. amazonensis were rarely observed in doubly infected cells. Transmission electron microscopy. Confirmation that Leishmania amastigotes were localized to Coxiella vacuoles was provided by transmission electron microscopy. Figure 2A shows a cell from a culture infected for 5 days with C. burnetii alone, and Fig. 2B displays well-preserved amastigotes surrounded by C. burnetii in a parallel culture fixed 2 days after superinfection with L. amazonensis.
Fixed L. amazonensis also enters Coxiella vacuoles. To determine if the parasites needed to be alive to be transferred to Coxiella vacuoles, amastigotes were fixed overnight at 4ЊC in 1% glutaraldehyde in PBS, washed, counted, and added overnight to Coxiella-infected CHO cultures. Fixed amastigotes were easily found in the Coxiella-rich vacuoles (data not shown), indicating that metabolic activity by the parasites was not required for their transfer to the heterologous vacuoles.
L. amazonensis amastigotes increase in numbers within Coxiella vacuoles. Figure 3A shows that 6 h after superinfection, amastigotes were present within the Coxiella-rich vacuoles of most cells. Thereafter, whereas the percentage of CHO cells that contained doubly infected vacuoles fell with time after superinfection, the average number of amastigotes per vacuole increased severalfold. The reduction in the proportion of infected cells probably reflects faster multiplication of uninfected cells, whereas the increased numbers of parasites per vacuole is most likely due to multiplication of the amastigotes. Figure  3B displays the results of parallel cultures infected with L. amazonensis alone. In these cultures, the percentage of Leishmania-infected cells also fell with time and the numbers of amastigotes within the Leishmania PVs increased. It should be noted that 6 h after infection with L. amazonensis alone, PVs containing amastigotes were quite small and vacuolar space was rarely seen in these vacuoles. Furthermore, 24 h after Coxiella-infected cells were challenged with amastigotes, only rare pure Leishmania vacuoles (i.e., devoid of C. burnetii) were found. It is thus likely that most doubly infected vacuoles were, at first, occupied by C. burnetii. After 6 days of superinfection, the high cell density of the cultures made quantitative studies unreliable.
Amastigotes within Coxiella vacuoles can be killed by Lleucyl-O-methyl ester. The viability of the parasites was also tested by incubation of doubly or singly infected cultures with 2.0 mM L-leucyl-o-methyl ester. Nearly all amastigotes within Coxiella vacuoles were destroyed by 24 h of exposure of the cultures to the leucyl ester (Fig. 1D) . Parasites within Leishmania vacuoles were similarly sensitive to the compound (data not shown).
Amastigotes can transform into promastigotes within Coxiella vacuoles. A small proportion of amastigotes transformed into L-leucyl-o-methyl ester-resistant promastigotes when cultures were shifted for 24 h to 25ЊC (Fig. 1E and F) . The rapid movement of the promastigote flagella displaced the bacteria within the vacuoles and was documented by real-time video. The presence of division forms indicated that at least some of the promastigotes multiplied within the Coxiella-rich vacuole; furthermore, promastigotes recovered an amastigote-like morphology when the cultures, pulsed at 25ЊC, were again shifted to 35ЊC (data not shown). However, the percentage of vacuoles in which promastigotes could be found after the temperature was shifted down was highest 6 h after superinfection and fell substantially at 4 days, indicating that the parasite's potential for differentiation was progressively restricted with time of residence within the Coxiella-rich vacuole.
DISCUSSION
This is, to our knowledge, the first report of in vitro temporary colonization by one pathogen (L. amazonensis) of the vacuoles occupied by another (C. burnetii) in a mammalian cell. The viability of the amastigotes was inferred from their expanding numbers within the adoptive vacuoles, sensitivity to L-leucyl-O-methyl ester, and transformation of some of the parasites into flagellated forms at 25ЊC.
Coinfection of cells with two viruses or virus strains has been frequently reported in the literature. In fewer instances, cells have been doubly infected with a virus and a bacterium or a protozoan (14, 20, 25, 32) . Coinfection of cells with two strains of the same organism has also been reported (26) . However, there are few reports of mammalian cells being doubly infected with two different prokaryotic or eukaryotic pathogens (9, 19) . In one study, macrophages were infected with Toxoplasma gondii, a parasite sheltered in atypical fusion-resistant vacuoles (16) , to determine if the infection interferes with the fusion of the host cell lysosomes with endocytic vacuoles containing Trypanosoma cruzi epimastigotes (4, 19) . The fates of the vacuoles were similar in singly and doubly infected cells. In the course of studies of the effect of tumor necrosis factor or gamma interferon on intracellular infection (9) , macrophages were coinfected with T. gondii and Mycobacterium avium, which also survives in vacuoles that resist fusion with lysosomes (10, 13, 33) . The authors noted that ''phagosomes containing both agents were not common'' (9) .
In the present experiments, cells were doubly infected with organisms normally lodged in phagolysosome-like vacuoles. Our results documented the ease with which live or killed L. amazonensis amastigotes could enter preformed C. burnetii vacuoles. To determine if C. burnetii could also home to Leishmania vacuoles, reciprocal experiments in which cells were infected first with L. amazonensis and then with C. burnetii were also performed. The results of these experiments were inconclusive, for it was difficult to identify and enumerate a few bacteria within Leishmania PVs at early times after superinfection with C. burnetii. By 24 h, however, C. burnetii was present within Leishmania vacuoles (data not shown).
Although direct evidence is difficult to obtain, the transfer of L. amazonensis to Coxiella vacuoles most likely occurred by the fusion of recipient vacuoles containing the bacteria and donor vacuoles containing the parasites. In another system, namely the transfer of zymosan particles to Leishmania PVs in macrophages (30), time-lapse cinemicrographic observations revealed that target vacuoles enlarged as transfer occurred, suggesting that the membranes of the donor vacuoles were incorporated, presumably by fusion, into the PV membrane (31a). However, the stage of maturation of the fusing phagocytic vacuoles has not been defined in the Coxiella model. As was indicated in the introduction, Coxiella vacuoles are acidified, display acid phosphatase activity, and fuse with vesicles containing endocytosed markers (1, 6, 7, 18) . These features are usually associated with phagolysosomes. However, the presence of markers of earlier endocytic compartments, e.g., GTP-binding Rab proteins or cation-independent mannose phosphate receptors, in the membranes of Coxiella vacuoles needs to be evaluated (12) . More information on L. amazonensis PVs is available. These vacuoles display lysosomal glycoprotein and Rab7 reactivity (17) , with the latter being associated with a prelysosomal compartment (12) . The underlying assumption of the present studies is that cells coinfected with prokaryotic and/or eukaryotic organisms may be useful in the search for pathogen-or cell-derived signals that regulate the fusion of pathogen-containing vacuoles with other endocytic or phagocytic vesicles. It remains to be seen if Coxiella vacuoles will fuse with vacuoles that are not typical phagolysosomes, for example, those that shelter Chlamydia trachomatis, T. gondii, or certain mycobacteria, organisms that inhibit acidification and block the fusion of their vacuoles with other phagocytic vesicles (10, 11, 13, 16, 21, 22, 33) . If one or more of these heterologous organisms can enter the Coxiella vacuole, then the model proposed here will, in addition, test the ability of the pathogens to survive in a phagolysosomal-like, acidified environment.
